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Intraocular light scatter as modeled through a
stratified medium
Barbara Pierscionek, Roger J. Green, and Sergey G. Dolgobrodov
Intraocular light scatter is modeled through a stratified medium. It is shown that the eye lens possesses
properties of an interference filter. In conditions that may mimic opacification, as found with cataract
formation, such a filter may have stop zones with reflectance up to 1 in the band of visible light.
© 2001 Optical Society of America
OCIS codes: 170.4470, 170.4730, 330.5020, 330.3790, 310.6860, 290.1350.
1. Introduction
The mode of growth of the eye lens is such that,
although accretion continues on the surface, inner
cells are never shed. Hence, with age, structural
degradation takes place and this can lead to imped-
ance of light transmission in the older eye. When
this progresses to a level of opacification, which
causes visual impairment, it is termed senile cataract
and is one of the major causes of low vision in the
elderly.
The classical theory of Benedek1,2 attempts to ex-
plain that the cause of opacification in cataract is the
result of local, pointwise refractive-index fluctuations
that cause light to scatter. However, the theory is
insufficient to explain all the phenomena observed in
experiments. In particular it assumes that the lens
proteins are spheres of uniform index; it does not take
into account the fact that the refractive index in the
human lens is nonhomogeneous but increases from
periphery to center.3,4 More importantly, it consid-
ers light scatter only in the cataractous process, i.e.,
when the scatter is at an advanced stage. Further-
more, Benedek’s theory considers protein aggrega-
tion as the main mechanism for cataract formation.
Such an important morphological property as strati-
fication is not mentioned.
An accurate model of light transmission through
the lens needs to take into account all the relevant
lenticular optical parameters: its physical dimen-
sions shape or curvature and the refractive-index
gradient, as well as the contribution of scatter and
absorption that occur to differing proportions in the
various types of cataract. The main causes of light-
scattering turbidity in the eye lens are fluctuations in
the refractive index over spatial domains, compara-
ble to the wavelength of the light. The structural
organization of the lens, however, may play an im-
portant role in any scattering effects.
The eye lens is composed of onionlike layers of fiber
cells that stretch from anterior to posterior poles the
poles lie on the optic axis. This particular morphol-
ogy results in Weiner body-type layering plates
shaped as rhomboids in which the cells have a dif-
ferent refractive index from that found in the bound-
ary regions gaps containing cell membranes and
extracellular fluid.5–7 These conditions will produce
the interference phenomenon for light going through
a stratified structure. Moreover, such a multiplicity
of thin-film structures can operate as interference
filters with an impedance reaching a maximum value
of 1.8–11
Our main aim in this research is to estimate the
amount of light that is forward scattered and back-
scattered by the cell cytoplasmic layers and gaps
between the cells packed within the lens in a regular
stratified structure see Fig. 1. The transparent
eye lens represents heterogeneous media composed
mainly of random structureswith smooth space vari-
ations in refractive and absorption indices. The for-
mation of an opacity, manifested as cataract, results
from a rise in the periodical discontinuity of
refractive-index values on the surfaces between lens
fibers.5,7,12 It is assumed that the refractive-index
fluctuations and anisotropy in turn result from space
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fluctuations in the widths of the lens fibers and of the
narrow boundary regions between fibers. In this
context it is worth noting the age-related changes in
lens water regulations13 and that, with cataract, lens
cells may swell.14 For example, it was calculated
that a 14% swelling of the lens caused by influx water
may increase the turbidity by 20–40%.5 Both fac-
tors will impact on the dimensions widths and
shape of the fiber cells and boundary regions. The
contribution of these changes in structure to scatter-
ing and reflection is of particular interest. A similar
approach was discussed previously by Hemenger.7
2. Methods
A. Common Case
We denote a position vector of a typical point on a ray
by r and the length of the ray natural parameter of
the curve from a fixed point on it by s. The tangent
vector s  drds. According to conditions for a
gradient-index structure, the refractive index n is a
function of the space coordinate: n  nr. The ba-
sic optical equation is the eikonal equation for the
eikonal function r11:
2 n2r. (1)
The geometric wave fronts are the level surfaces r
 const. It follows from Eq. 1 that the ray trace
must satisfy the following differential equation11:
d
ds n drds  grad n. (2)
Given
r0 rs0, (3)
s0 ss0, (4)
the Cauchy problem for Eq. 2 can be solved for any
particular n.15
For homogeneous media and constant n, we have
d2rds2  0 and r  as  b a and b are constant
vectors. The latter is the vector equation of a
straight line in the direction of vector a, passing
through the point r  b, and corresponds to classical
ray tracing.16
B. Paraxial Approximation
We restrict ourselves to the paraxial Gaussian ap-
proximation when all the rays involved are confined
to a region enclosing the optical axis and having in-
finitesimal dimensions perpendicular to it.11 Conse-
quently all angles involved are of infinitesimal size
and a any paraxial angle is equal to its sine or
tangent and b the cosine or secant of any paraxial
angle is equal to unity.
For heterogeneous, stratified media with Cartesian
coordinates x, y, z, let us suppose that n is a linear
function depending only on the coordinate z, nr 
z  n0, z  0, and n  n0 for z  0. This case is of
considerable importance in paraxially approximated
ray tracing through the eye lens, in which the pattern
of refractive-index variation is as shown in Fig. 2.
This can be rewritten as projections on the coordinate
axes:
n
d2x
ds2
 0, (5)
n
d2y
ds2
 0, (6)
n
d2z
ds2

dn
ds
dz
ds

n
 z
 . (7)
Because n 	 0, one obtains
x  ax s  bx, (8)
y  ay s  by, (9)
where ax, bx, ay, by are constants.
Fig. 1. Morphological structure of the crystalline lens, as on a
normal cut. Thickness of the rhomboidal fibers: hc 
 8 m,
widths of the boundary regions hg from 20 nm up to 700 nm.
Fig. 2. Refractive index in the normal eye: up to 
1.4 in the
center of the nucleus and a linear variation in the outer region of
the nucleus from 
1.37 at the cortex.5 The origin of frame refer-
ences coincides with the anterior of the area with a higher refrac-
tive index. Axis 0, z coincides with the visual axis of the lens.
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Because dnds  drds   n   dzds, Eq. 7
can be rewritten as
z  n0  d2zds2 dzds
2
 1. (10)
The solutions of Eq. 10 satisfying the initial condi-
tions
z0  z0, (11)
z0  z0, (12)
where z0 and z0 are constants, are
z1,2s 
1

n0 n0
2 2sz0z0 n0
 z0z0 2n0  
2s212. (13)
In the intact human lens the spatial distributions
of the refractive index vary along the optic axis reach-
ing a value of 1.41 in the center of the nucleus, with
approximately linear variations in the cortex starting
from 
1.37 at the extreme periphery.4,5 A model of
the gradient of refractive index is shown in Fig. 2.
C. Analysis of Stratified Media
When monochromatic, plane-polarized light waves
pass through a thin-layer combination of cellular fi-
bers and liquidlike boundary regions, the zigzag re-
flections give rise, in the most general case, to two
resultant trains of waves advancing in opposite di-
rections see Fig. 3. These will interfere and lead to
a complex picture of the resultant electric and mag-
netic fields.
In in vitro experiments, the forward-scattered and
backscattered light can be investigated indepen-
dently of any transmission alterations through the
cornea,12,17 and our model mimics this situation. In
this study, we consider only the central or nuclear
part of the lens where the refractive index of the
cellular fibers is highest and most constant in value.
It is also the region that contains the oldest cells in
the lens and hence is the most prone to the age-
related changes, some of which may be cataractous.
For the purpose of modeling, we simplify the real
morphological picture see Fig. 1 and suppose that
fiber cells are continuous in a plane that is orthogonal
to the light incidence and that they form a simple,
regular, stratified structure. Moreover, we neglect
any absorption inside the medium. In a normal
noncataractous lens, absorption does not affect ray
passage significantly. Two rhomboid fibers are
shown schematically by dotted lines in Fig. 3. Scat-
tering becomes pronounced when the boundary re-
gion width is comparable to the wavelength, as is
probable in the case of morphological degradation
that may eventually lead to cataract.2,14,18 It should
be noted that fiber cells may also thicken with age
because of adhesion of protein.19 This is supported
by recent findings showing that the stiffening or loss
of elasticity in the lens with age is due to a change in
the fiber cell membranes,20 and this rigidity is most
likely to occur because of thickening. Such a strat-
ified structure will possess birefringence; to minimize
the light scattering, which is inevitable from birefrin-
gence of form, some supramolecular organization
within the fiber cells must provide intrinsic birefrin-
gence to minimize the optical anisotropy. In this
study we estimate the scattering and dispersion in
such a stratified structure.
It is sufficient to consider only the case of the lin-
early polarized electric wave with its electric vector
perpendicular to the plane of incidence transverse-
electric TE wave. Any arbitrary polarized plane
wave can be resolved into two waves: TE wave and
the TM transverse-magnetic wave.11 Because the
boundary conditions at the borders of layers are in-
dependent of each other, these two waves will also be
mutually independent. In addition, because Max-
well’s equations remain unchanged when the electric
field vector E and the magnetic field vector H and
simultaneously the dielectric permeability and mag-
netic permeability are interchanged, all further dis-
cussions of TE waves are applicable to TM waves.11
In the case of a stratified medium with a constant
dielectric and magnetic permeability  and , and
hence constant refractive index n  , Maxwell’s
equations for amplitudes of the electrical U and mag-
netic V components of a monochromatic TE wave
with wavelength 0 reduce to the following scalar
equations:
d2U
dz2
 k0
2n2 cos2 U  0, (14)
d2V
dz2
 k0
2n2 cos2 V  0, (15)
where  denotes the angle that the normal to the
wave makes with the z axis and k0  20 is the
wave number.
According to Abele`s21 the propagation of a plane
monochromatic electromagnetic wave through strat-
Fig. 3. Displacement of a multiply reflected ray along the thin
fluid-filled regions between two cellular layers with irregular sur-
faces and of greater refractive index. Two rhomboid fibers are
shown schematically by dotted lines.
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ified homogeneous nonabsorbing media with axis 0, z
is completely determined by its characteristic ma-
trix22,23:
M z 
 cosk0 nz cos   ip sink0 nz cos 
ip sink0 nz cos  cosk0 nz cos 
 ,
(16)
where p   cos . The matrix Mz is
clearly unimodular and it relates the x and y com-
ponents of the electric or magnetic vectors in the
plane z  0 to the components in an arbitrary plane
z  const:
U0V0 M zU zV z .
In the case of a stratified medium that consists of a
number N of thin homogeneous layers, the resulting
characteristic matrix of the pile is a product of the
characteristic matrices:
M zN M1 z1M2 z2 z1 . . . MN zN zN1,
(17)
where zi are the boundary points of the different lay-
ers of the pile. The value   k0nzN  zN1 
nzN  zN1c  2nzN  zN10 is the optical
thickness of the Nth layer, measured in units of
phase. The above matrix approximation does not
account for reflections from the interior of the layer
but takes into account the waves reflected from the
discontinuities at the boundaries. The variation of
the refractive index in the layers solely influences the
value of the optical thickness .
The eye lens is a multilamellar structure, which we
consider to consist of a succession of homogeneous
layers of alternately high fiber cell interiors and low
boundary or gap regions filled with fluid with re-
fractive indices nc and ng and geometric thicknesses
hc and hg, respectively. Also, we assume the me-
dium to be nonmagnetic   1, absolutely conduct-
ing, and nonabsorbing.
For the effective optical thicknesses of the layers,
c
2
0
nc hc cos c, (18)
g
2
0
ng hg cos g, (19)
and for the optical admittance load,
pc nc cos c, (20)
pg ng cos g. (21)
If h  hc  hg, then the characteristic matrix M2h
of one period is
For N periods we obtain11,24
M2NNh  m11 m12m21 m22 , (23)
where
m11 cos c cos g pgpc sin c sin gN1a
 N2a, (24)
m12 i 1pg cos c sin g

1
pc
sin c cos gN1a, (25)
m21 ipc sin c cos g pg cos c sin gN1a,
(26)
m22 cos c cos g pcpg sin c sin gN1a
 N2a, (27)
a  cos c cos g
1
2 pcpg pgpc sin c sin g,
(28)
where N are Chebyshov polynomials of the second
kind.25 We assume the last layer to be a fiber cell
with parameters hc, nc, and a characteristic matrix
M2N1N  1h   cos c  ipc sin c
ipc sin c cos c
 .
(29)
M2h   cos c cos g
pg
pc
sin c sin g 
i
pg
cos c sin g
i
pc
sin c cos g
ipc sin c cos g ipg cos c sin g cos c cos g
pc
pg
sin c sin g  . (22)
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So the characteristic matrix for the nucleus of lens
is
 M2NM2N1. (30)
Following conventional notations,10,11,24 we introduce
the amplitude reflection coefficient r as the ratio of
amplitude of the electric components of the reflected
wave R to that of incident one A:
r 
R
A

1112pgpc2122pg
1112pgpc2122pg
, (31)
and the notion of reflectivity :
  r2. (32)
The latter represents the ratio of energy in the re-
flected ray to the energy in the incident ray. The
transmissivity  of media in the case of normal inci-
dence and when nN1  n1 is related to reflectivity
by the law of conservation of energy:
    1. (33)
For the purpose of evaluation we use measured
values of thicknesses for fiber cell and boundary re-
gions, reported in electron microscopic26 and laser
diffraction experiments.5 The thickness of cellular
fibers was estimated to be hc 
 2–7 m, and the
width of rhomboidal cells was found to be 8–10 m.
The boundary regions are several degrees of magni-
tude thinner than the cells.6,7 We assume then that
thickness hg varies approximately between 20 and
700 nm. Therefore the optical thicknesses of these
two regions may differ by several orders of magni-
tude. Also, as mentioned above, we are considering
the light transmissivity through the nucleus of the
lens, i.e., the region with the highest refractive index
of the cell layers see Fig. 2. In the young lens the
d thickness changes with accommodation. The
value taken is for the older adult lens, which is no
longer able to alter its focus and for which d is there-
fore fixed. Hence we estimate the thickness of the
nucleus to be d 
 2.6 mm.3,27
3. Results and Discussion
A. Reflectivity and Polarization Properties
The results of numerical modeling of can be seen in
Figs. 4–9. For all figures we assume nc  1.41 and
ng  1.33.
Figure 4 shows as a function of light wavelengths
 in the range 500–520 nm for normal incidence 1 
0° and hc  7 m. Boundary region width was
taken as hg  0–100 nm, hg  100–200 nm, hg 
200–300 nm, and hg  300–500 nm. In this case
N 
 150. It can be seen from Fig. 4a that the
reflectance tends to zero when hg tends to zero. This
case is similar to that of normal tissue with densely
packed fiber cells. The background level of reflec-
tance is less on average than 0.05, which is in con-
cordance with known experimental results.17 Also
it can be noticed from Fig. 4 that the reflectivity has
a two-dimensional periodical pattern. The periodic
variation is a function of the parameters of the prob-
lem. The periodicity of  can be seen more clearly in
Fig. 5, which represents a slice through Fig. 4b at
hg  120 nm. The wavelength s of the stop zones
higher reflectance bands can be easily calculated by
the equation28
s
2
m
nc hc ng hg, m  1, 2, . . . . (34)
Fig. 4. Dependence of the reflectivity  for the normal incidence 1  0°,   500–520 nm, hc  7 m. a hg  0–100 nm, b hg 
100–200 nm, c hg  200–300 nm, d hg  300–500 nm. Parameters correspond to N 
 150–175.
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The two zones shown in Fig. 5 correspond to m  39,
40.
Figure 6 shows the angular dependence of reflec-
tivity  for a range of 1  0°–8°, hg  100–300 nm,
hc  7 m, and  500 nm. Figure 7 shows the slice
through Fig. 6 for a fixed value of hg  280 nm. It
can be seen that with these parameters the width of
the stop zones is approximately 1° and the period
through 1 is approximately 10°.
The reflectivity dependence on layer thickness is
shown in Fig. 8 for hc  7–8 m. The range of
boundary region widths are given as hg  120–200
nm and hg  200–280 nm. Incidence is normal and
  500 nm. Two distinct periods of reflectivity
short and long along the hg axis can be seen. Equa-
tion 34 can be used to estimate the periodicity in
this spatial pattern for a fixed wavelength . Equa-
tion 34 provides low transmittance bands for m  1,
2, . . . , except when m  ka  b k  1, 2, . . . , where
a and b are the smallest possible integers defined by
the ratio of the optical thickness29 nchcnghg  ab.
In Fig. 8 it corresponds to the area hc 
 7090 nm and
hg 
 185 nm and hence ab  40, m  41, k  1
where transmittance reaches a maximum.
Figures 4–8 indicate that such a stratified pile
structure possesses the properties of an optical inter-
ference filter.9,10,24 The stop zones represent regions
in the spectrum where the reflectance of the medium
increases and tends to 1. It should be noted that, in
the case of the eye lens, these zones are in a visible
part of the light spectrum. The zones of discontinu-
ity seen in a live human lens when examined biomi-
croscopically may represent a region where the stop
zones have become thicker, possibly from localized
cellular compaction. With age and the accompany-
ing biochemical changes in the protein, further thick-
ening of the stop zones may be a continuing factor in
cataract formation.
Figure 9 gives the reflectivity dependence on the
incident light wavelength for wavelength   500–
520 nm and on the angle of incidence for 1 0°–8°.
Layer widths are fixed at hc  7 m and hg  150 nm.
Again we can see significant reflectance, within re-
flectance bands reaching a value 1, and quasi-
periodical, resonancelike dependence on both  and .
For the model there are simple formulas that link
Fig. 5. Slice through Fig. 4b. Reflectivity  versus   500–
520 nm; 1  0°; thickness of layers, hc  7 m, hg  120 nm.
Fig. 6. Reflectivity  versus 1  0°–8°; thickness of layers, hc 
7 m, hg  100–300 nm;   500 nm.
Fig. 7. Slice through Fig. 6. Reflectivity  versus 1  0°–8°;
thickness of layers, hc  7 m, hg  280 nm;   500 nm.
Fig. 8. Reflectivity dependence versus thickness of layers: a
hc  7–8 m, hg  120–200 nm; b hg  200–280 nm, with 1 
0°,   500 nm. The space pattern has two periods along the hg
axis short and long.
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the azimuthal angle of the incident linearly polarized
light with azimuthal angles of the reflected and
transmitted light.10 If A	, A denote the amplitudes
of parallel and transversal components of incident
light, respectively, and azimuthal angle i is defined
by
tan i 
A	
A
, (35)
then it follows from Fresnel formulas that the azi-
muthal angles for the transmitted ray t and re-
flected ray r would be
tan r
cosi  t
cosi  t
tan i, (36)
tan t cosi  ttan i, (37)
where i, t are the angles of incident and transmit-
ted light, respectively t relates to i1 in Fig. 3 for
the last membrane in the pile. The light scattering
of a normal lens is due to density fluctuations because
only the I	 component of the polarized light yields a
diffraction pattern and the I component is ab-
sent.5,17
B. Equivalent Refractive Index and Thickness
It can be shown that such periodically stratified op-
tical media are equivalent for a given wavelength, to
a double-layer homogeneous component combination,
with parallel boundaries and effective optical thick-
ness . Moreover, when the stratified medium is
symmetrical i.e., n12zj  zj1  x  n12zj 
zj1  x; x  12zj1  zj, j  1, 2, . . . , N , it was
shown by Herpin22 that such a symmetrical multi-
layer compound is equivalent to a single layer with
equivalent refractive index and equivalent thickness,
which may be different from all known material and
will in general vary with wavelength. In fact, both
equivalent refractive index and thickness may turn
out to be complex even if the multilayer is nonabsorb-
ing. In terms of elements of matrix see Eq. 30,
the equivalent optical thickness e and refractive in-
dex ne are defined by24
cos e1122, (38)
ne
i sin e
12

i21
sin e
. (39)
Figure 10 shows the dependence of the equivalent
refractive index of the pile on the width of the gaps
hg  100–101.5 nm and wavelength   400 and 500
nm. The cell fiber thickness is assumed to be hc  7
m. Only real values of ne are plotted. The equiv-
alent refractive index of the pile possesses strong
nonlinear dependence on the gap width and can vary
rapidly over wide ranges in a different way from real
refractive indices of the layers.
It should be noted that the wavelength range of
variance in Figs. 4–9 500–520 nm is nonspecific and
was chosen in the midrange of the visible spectrum
purely as an example. Figure 10 shows the wave-
length dependence of the equivalent refractive index
and shows that, as  increases from 400 to 500 nm,
the period s of the stop zones increases also 
1.25
times. At the same time, the equivalent refractive-
index gradient and hence the reflectance become less
steeply varying. When  tends to infinity, the stop
zones become less frequent and narrow with the
same maximum amplitude 1 and tend to vanish.
C. Discussion
It seems that the process of intraocular scattering as
a whole is complex and multifactorial. Different fac-
tors will operate in different ways. The resonance
mechanism described here does not contradict or re-
ject existing known models of cataract turbidi-
ty.1,2,30,31 Indeed, because none of the previous
models discuss the proposed resonance, interference
mechanism of scattering, our model serves to comple-
ment previous ones. It indicates that, in addition to
known reasons for turbidity, multiple resonance re-
flectance could be another factor responsible for the
light scatter and diffusion seen with cataract. This
factor does not make the largest contribution to the
amount of scattered light, but operates in conjunction
with the other factors. As a consequence, the strong
angular dependence of light scatter that this model
Fig. 9. Reflectivity  dependence versus angle of incidence 1 
0°–8° and wavelength   500–520 nm; hc  7 m, hg  150 nm.
Fig. 10. Equivalent refractive index of the pile dependence versus
thickness of gaps hg  100–101.5 nm. hc  7 m and wavelength
  400 and 500 nm.
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predicts does not predominantly characterize the pro-
cess of the lenticular scattering.
It is worth noting that the resonance mechanism is
peculiar to more or less regular structures. Such
structures start to break down in the course of cata-
ractogenesis. Indeed, in later stages of nuclear cat-
aract in which cell membranes have undergone
substantial degenerative changes, the structure of
the lens tissue represents a highly disorganized cha-
otic media.32 Obviously, the resonance effects dis-
cussed will not operate under such conditions. This
also applies to cataracts in which the fluid-filled gaps
between the cells are not well pronounced.
Any model dealing with structural influences on
light transmission through the lens needs to make
some assumptions and simplifications. Clearly the
forward scatter and backscatter that are due to ran-
domly distributed values of the layer thickness have
a random fluctuation pattern. Our model has re-
placed the naturally occurring irregularities between
the hexagonal fiber cell boundaries with a simple
regular stratification. The natural irregularities
would produce a greater anisotropy in refractive in-
dex, further enhancing reflectivity. However, our
model shows that even a single incident beam results
in a combination of reflected and transmitted beams,
and this indicates that multiple reflections will occur
in the eye lens because of its stratified morphology.
These have a significant impact on light transmission
and cannot be ignored in the modeling of scattering
processes.
The effect of the narrow stop zones cannot be ac-
curately predicted. The irregularity of the lens
stratification may cause the light in the stop zones to
undergo multiple reflections between the layers of
the lens, culminating in diffusion and negligible light
reaching the retina. This could cause coloration of
the whole retinal image or a colored halo. Such ef-
fects are observed in cases of cataract and have been
attributed to the effects of absorption in the lens tis-
sue. As yet there has been no experimental evi-
dence of any peaks in the visible absorption spectra of
the cataractous lens.33 Hence the proposed mecha-
nism of the interference scattering may provide an
explanation for such pseudoabsorption.
4. Conclusion
We have estimated the characteristics of light reflec-
tion of real experimental data from the morphological
structure of the eye lens, modeled as a stratified pile
of layers with different refractive indices. It was
shown that the eye lens can possess the property of
an interference filter with reflectance up to 1 in the
visible spectrum. The reflectance mainly depends
on refractive indices and widths of the layers cell
fibers and fluid-filled gaps. The dependence of re-
flectance on wavelength and on the angle of incidence
of light was also studied. All these parameters can
vary through the lens and presumably have a ran-
domly organized spatial nature.
In view of this, it necessary to conduct further ex-
perimental investigation of spatial distribution char-
acteristics, specifically the width and refractive index
of cell fibers and gaps between the cells to see how
these change with swelling and volume regula-
tion.14,18
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